A hierarchical cobalt oxide (Co 3 O 4 )-functionalized silicon carbide nanowire (SiC NW) array electrode is synthesized on 4HeSiC(0001) substrates and investigated for use in the oxygen evolution reaction (OER) of water splitting. Ni-catalyzed chemical vapor deposition is employed to obtain vertically-aligned SiC NWs, and electrodeposition is used to functionalize the nanowires with hierarchical Co 3 O 4 nano-clusters and a thin Co 3 O 4 layer on the top side and the side-walls of the NWs, respectively. By using the Co 3 O 4 -functionalized SiC NW electrode for OER, the overpotential required to drive an anodic current density (J anodic ) of 10 mA cm À2 is 0.22 V, a value much lower than those of Co 3 O 4 nano-clusters (0.42 V), of bare SiC NWs (1.27 V) electrodes and of Pt foil (0.56 V). The overpotential value of 0.22 V is among the most active for the noble metal-free electro-catalytic electrode to produce J anodic of 10 mA cm À2 . The deposition of Co 3 O 4 on the SiC NW substrate produces an extremely hydrophilic surface, which improves the charge transfer characteristics at the interface between the electrode and the aqueous electrolyte. Moreover, the vertically-aligned SiC NWs provide a directional charge transport route along the nanowire length, as seen from a lower charge transfer resistance (R ct ) in the Co 3 O 4 -functionalized SiC NW electrode compared to the Co 3 O 4 -functionalized SiC electrode under the same OER operating conditions. Finally, the Co 3 O 4 -functionalized SiC NW electrode maintains stable performance in an alkaline electrolyte (i.e., 1 M KOH aqueous solution) during continuous electrolysis testing over 16 h. The outstanding electro-catalytic performance and stability make the Co 3 O 4 -functionalized SiC NW electrode a promising noble metal-free electro-catalytic electrode for the OER and other renewable energy applications.
Introduction
The continuous reliance on fossil fuels has raised the levels of atmospheric carbon emission, which is one of the major contributors to global warming and a host of other environmental issues [1, 2] . Accordingly, the development of green, renewable and storable energy sources has become a global issue. Recently, water splitting has been considered as an approach to generate pure hydrogen fuel, which is a clean, storable, and high-energy density energy carrier [1, 2] . In a water splitting system, the OER is at the heart of the overall reaction process and is inherently complex, demanding removal of four electrons and four protons from two water molecules to produce one oxygen molecule [3e5] . So far, ruthenium (IV) oxide (RuO 2 ) and iridium (IV) oxide (IrO 2 ) are reported as the most active electro-catalysts for OER [3e5]; however, high cost and scarcity hinder their practical application for largescale production. Therefore, it is important to develop earthabundant and inexpensive electro-catalysts with high activity toward OER. Additionally, for industrial applications, the electrocatalysts should possess mechanical robustness and prolonged durability under high current density and vigorous gas evolution conditions [6] . Silicon carbide satisfies many of the above requirements. It is an environment-friendly material consisting of earth abundant elements, and it possesses a suitable band-edge position for water-splitting as well as several excellent intrinsic properties, such as high chemical stability and high mechanical strength [7e11] . Yet, SiC itself shows a weak catalytic activity for water splitting [12] . Thus, many researchers have attempted to improve its catalytic performance by modifying its surface with cocatalysts (e.g., metals [7, 13, 14] , metal oxides [15] , and carbon [16] ).
It is well-known that one-dimensional (1-D) nanostructure arrays would greatly enlarge the specific surface area of heterogeneous catalysts and thus increase the catalytic reaction area [17e20]. For electro-catalytic applications, the direct growth of 1-D catalytic nanostructures on the electrode would eliminate the need for binders that are often used for the film preparation of powder catalysts [21] . Moreover, it ensures good contact between the catalyst and support, directional carrier transport routes, sufficient space for mass transfer (i.e., transport of ionic species and gas bubbles), and structural stability under vigorous electrocatalytic reaction [17e20] .
In this study, SiC NW arrays were functionalized with Co 3 O 4 for the OER application by using metal-catalyzed chemical vapor deposition for SiC NW synthesis and electrochemical deposition techniques for subsequent Co 3 O 4 deposition. The morphology and structure of the resulting materials are characterized with scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM). The composition is verified by Raman spectroscopy and energy dispersive spectroscopy (EDS). , Aldrich) in isopropanol solution overnight and rinsed with deionized water and isopropanol sequentially, and then dried with N 2 gas. The thus-treated substrate, a Pt foil and a Ag/AgCl/saturated KCl (aq) were used as the working, counter and reference electrodes, respectively. The electrochemical deposition of Co 3 O 4 was performed in an aqueous electrolyte containing 1 M CoSO 4 $xH 2 O. After the deposition, the substrates were rinsed in deionized water and dried with N 2 gas. Finally, the Co 3 O 4 -coated electrodes were annealed at 350 C for 1 h under air atmosphere. To discern the effect of SiC NWs, Co 3 O 4 deposition was carried out on 4HeSiC(0001) substrates with and without the SiC NWs.
Materials characterization
The morphologies of the electrodes were investigated via field emission scanning electron microscopy (Nova NanoeSEM 230, FEI, Oregon, USA). The high-resolution transmission electron microscopy studies were performed with a JEOL JEM-2200FS microscope operated at an accelerating voltage of 200 kV. The elemental analyses were carried out using energy dispersive X-ray spectroscopy in scanning TEM mode. Raman spectra were obtained using a Horiba Jobin Yvon LabRam confocal Raman system with a HeNe laser (excitation wavelength: 633 nm).
Electrochemical characterization
Electrochemical measurements were performed in a threeelectrode electrochemical cell using a potentiostat/galvanostat (CH Instruments Inc., 660D). All the electrochemical measurements were performed in 1 M KOH aqueous electrolyte, which was purged with high purity nitrogen gas before use. One of the synthesized electrodes, a platinum foil, and a Hg/Hg 2 Cl 2 /saturated KCl (aq) reference electrode were used as the working electrode, counter electrode, and reference electrode, respectively. The electrocatalytic behavior was studied using linear sweeps in the voltage range of 1.10 Ve2.50 V (vs. RHE) with the scan rate of 25 mV s À1 . Electrochemical impedance spectroscopy was performed in potentiostatic mode at 1.60 V (vs. RHE) from 100 kHz to 10 mHz with an AC amplitude of 10 mV. The stability of electrocatalysts was examined by continuous electrolysis at a fixed overpotential to drive the initial current density of~20 mA cm À2 .
Results and discussions
Fig . 1a and b shows the top view and cross-sectional SEM images, respectively, of the as-prepared SiC NW array on 4HeSiC(0001) substrate. The SiC NWs have grown uniformly and vertically on the SiC substrate. The thickness of the as-prepared SiC NWs film was estimated to be~16 mm from the high-magnification cross-sectional SEM images (Fig. 1c) . The SEM micrograph in Fig. 1d clearly show that the SiC NWs film is composed of a needle-like nanostructure with the diameter of about~30 nm on the top side ( Fig. 1d) and~160 nm on the bottom side (Fig. S1 ). Our earlier studies show that the nanowires are predominantly 4H-like [11] .
The as-prepared SiC NWs film is functionalized with cobalt oxide co-catalyst by utilizing the electrochemical deposition process detailed in the Experimental Section. Raman spectra presented in (Fig. 2d) possessing a hierarchical structure and rough surface. Transmission electron microscopy is used to further characterize the Co 3 O 4 -functionalized SiC NW sample. Fig. 3a shows a representative HRTEM image of a pristine SiC NW, where the lattice spacing of about 0.25 nm is characteristic of the SiC stacking along the <111> direction of the cubic polytype or along the c-axis of hexagonal polytypes [10, 15] . The Fast Fourier Transform (FFT) of the image (inset of Fig. 3a) shows the typical streaking of reflections due to the presence of stacking faults, related to polytype (mainly 4H-, 6H-and 3C-SiC) mixing, along the NW axis. Fig. 3b shows Fig. 3e . Both Co and O characteristics of the Co 3 O 4 cocatalyst are well-distributed over the SiC NW surface, indicating that the electrodeposition is effective for catalyst loading onto high aspect-ratio SiC NW array. The uniform coating of Co 3 O 4 on SiC NW distributes the charge flux, produced by the applied voltage, evenly along the one-dimensional SiC NW, and the effective utilization of the high surface-area SiC NW decreases the flux of charged species at the surface (i.e., leading to less charge accumulation as compared to low surface-area catalyst); both lead to enhanced charge transfer kinetics in the electro-catalytic reaction. To allow the investigation of the role of NWs on the OER tests, the Co 3 O 4 film is also directly electro-deposited on the 4HeSiC(0001) substrate, and its structure and morphology are presented in Fig. S3 . The Co 3 O 4 film on SiC Table S1 in the supporting information), the overpotential value of 0.22 V is among the most active for the noble metal-free electro-catalytic electrodes [3,24e41] . Fig. 4b shows the Tafel plots of the Pt foil, Co 3 O 4 -functionalized 4HeSiC, and Co 3 O 4 -functionalized SiC NW electrodes. The Tafel slopes of the above electrodes are all in the approximate range of 320e350 mV decade
À1
, which means there are no dramatic differences in their intrinsic activity. This result suggests that the electro-catalytic activities of the Co 3 O 4 -functionalized SiC and Co 3 O 4 -functionalized SiC NW electrodes are quite close to that of the Pt foil electrode; however, the former two electrodes possess much higher reaction surface area (see the SEM images in Fig. 2 and Fig. S3 ) than that of a flat Pt foil, which resulted in the differences in the OER performance (Fig. 4a) . Moreover, the Co 3 O 4 -functionalized SiC and Co 3 O 4 -functionalized SiC NW surfaces exhibit extremely low water contact angles (Figs. S4a and S4b) whereas the Pt foil is susceptible to contamination, which readily raises its water contact angle to values as high as 77 (see Fig. S5 in the supporting information). The contact angle data indicate that the surfaces of the Co 3 O 4 -functionalized SiC electrodes (i.e., Co 3 O 4 -functionalized SiC and Co 3 O 4 -functionalized SiC NWs) are highly hydrophilic; thus, the aqueous electrolyte can effectively wet the electrode surface, allowing the reaction ions (i.e., OH À ) to access the catalyst surface for OER. The hydrophilic surface can also prevent the gas product from accumulating (i.e., forming oxygen bubbles) and covering the catalyst surface which would slow down the reaction. These factors lead to improved charge transfer characteristics at the interface of the electro-catalyst and the aqueous electrolyte [17] .
To further investigate the differences in the OER performance of Co 3 O 4 -functionalized SiC and Co 3 O 4 -functionalized SiC NW electrodes, electrochemical impedance spectroscopy analysis was used to study the charge transfer mechanism. The EIS measurements were carried out from 100 kHz to 10 mHz at a fixed potential of 1.60 V (vs. RHE), and the obtained Nyquist plot is shown in Fig. 5 . The semicircles in the Nyquist plot represent the charge-transfer resistance of the electro-catalytic electrodes, with a lower R Ct value corresponding to a faster charge-transfer rate between the electrode and electrolyte. The R Ct value of the Co 3 O 4 -functionalized SiC NW electrode is smaller than that of the Co 3 O 4 -functionalized SiC electrode; thus, the Co 3 O 4 -functionalized SiC NW electrode shows better OER performance, consistent with the polarization measurements (Fig. 4a) . The lower R Ct is beneficial for achieving a more efficient charge transport, owing to the synergistic effect of the SiC NWs arrays and the Co 3 O 4 co-catalyst. Namely, the vertically-aligned SiC NWs arrays provide high surface area for cocatalyst loading with directional 1-D charge transport along the length of the NWs; the conformal coating of Co 3 O 4 on the surface of SiC NWs greatly enhances the electro-catalytic activity, and the hierarchical Co 3 O 4 clusters on top of the NWs further increase the electro-catalytic surface area. Thus, the Co 3 O 4 -functionalized SiC NW electrode shows the best OER performance among all electrodes examined.
To assess the stability of the Co 3 O 4 -functionalized SiC NW electro-catalytic electrode, a deterioration experiment was carried out by applying potential sweeps from 1.10 to 2.50 V (vs. RHE) for 500 cycles in 1 M KOH aqueous solution. After the potential sweeps, the polarization curve of the Co 3 O 4 -functionalized SiC NW electrode, shown in Fig. 6a , remains nearly unchanged. Moreover, the practical operation of the electrode is examined by continuous electrolysis at a fixed potential over extended periods, as shown in Fig. 6b . At a fixed overpotential of 1.60 V (vs. RHE), J anodic remains quite stable at~20 mA cm À2 for continuous electrolysis over 16 h.
This exceptional durability in the harsh alkaline aqueous environment shows promise for practical long-term uses of the Co 3 O 4 -functionalized SiC NW electrodes. 
Conclusions

